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Rubella virus (RV) nonstructural proteins are translated as a p200 polyprotein that undergoes proteolytic cleavage into
p150 and p90. From conserved amino acid sequence motifs in polypeptides, p90 has been proposed to be the RV
RNA-dependent RNA polymerase (RdRp). To test whether the conserved GDD motif is involved in RdRp catalytic activity, three
different alanine substitutions were introduced into it. Substitution of glycine by alanine (G1966A) resulted in impaired virus
infectivity. Alteration of either aspartate residue completely abolished virus replication. A fully infectious variant was isolated
from the G1966A mutant. Sequencing analysis showed that the alanine residue substituted in G1966A mutant had reverted
to glycine in this variant. Complementation experiments were carried out to rescue the replication-defective RNA carrying
G1966A, D1967A, or D1968A mutations. The defective RNA with G1966A mutation in p90 replicated efficiently when the
helper genome that supplied a wild-type p90 was provided in trans. However, the replication-defective RNA with D1967A or
D1968A was not rescued by supplementation of p90 in trans. Our studies support the idea that the GDD motif is critical for
RV replication and p90 function as RV RdRp. © 2001 Academic Press
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MINTRODUCTION
RNA-dependent RNA polymerases (RdRps) function as
the catalytic subunit of the viral replicase required for the
replication of all positive-strand RNA viruses. Most of
these polymerase proteins have been identified solely on
the basis of sequence conservation. Kamer and Argos
(1984) identified several sequence motifs common to the
putative RdRps of several animal and plant positive-
strand RNA viruses. Currently eight conserved motifs are
known to be present in all classes of polymerases and
reside in the catalytic portion of the “palm” domain (Han-
son et al., 1997). This palm domain contains the four-
amino-acid sequence motifs found in all classes of poly-
merases, named A, B, C, and D, plus a fifth motif E,
unique to RdRps and reverse transcriptases (Poch et al.,
1989). Motif C forms a “b-strand, turn, b-strand” structure
hat contains the highly conserved GDD motif found in
dRps (Kamer and Argos, 1984; Koonin, 1991). This struc-
ure is very similar in all classes of polymerases and
ositions the two DD residues close to the conserved D
f motif A (Hanson et al., 1997). The requirement for the
lycine residue of the GDD motif is somewhat flexible for
n vitro RNA synthesis (Hong and Hunt, 1996; Jablonski et
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322al., 1991; Lohmann et al., 1997). The first aspartate of the
GDD motif appears to be a strict requirement as any
changes to this position are not tolerated for in vivo viral
replication and/or in vitro RNA synthesis (Inokuchi and
Hirashima, 1987; Lohmann et al., 1997; Longstaff et al.,
1993). The second aspartate of the GDD motif is not
absolutely conserved in all classes of polymerases, sug-
gesting some flexibility at this position. However, muta-
tion analysis indicates a fairly strict requirement for an
aspartate at this position in the RdRps (Jablonski and
Morrow, 1995; Lohmann et al., 1997).
Rubella virus (RV) is a small positive-strand RNA virus
belonging to the Rubivirus genus of the family Togaviri-
dae (Francki et al., 1991). RV replication occurs in rough
ndoplasmic reticulum-associated replication com-
lexes of virus-modified lysosomes (Lee et al., 1994;
agliano et al., 1998). Replication and transcription of RV
RNAs are dependent on the viral nonstructural proteins
(NSPs) that are responsible for the synthesis of three
viral RNAs: the genomic negative-strand RNA, the posi-
tive-strand 40S genomic RNA, and a 24S subgenomic
RNA (Liang and Gillam, 2000). The NSPs are translated
from the genomic RNA as a p200 polyprotein that is
processed to two mature products (p150 and p90) by a
viral protease activity residing in the C-terminal domain
of p150 (Chen et al., 1996). The p150 contains the pro-
posed methyltransferase and protease sequences at its
N- and C-termini, respectively (Gorbalenya et al., 1990;
Rozanov et al., 1991). The p90 contains the predicted
helicase and RdRp at its N- and C-terminal regions,
323THE GDD MOTIF OF RUBELLA VIRUS REPLICASErespectively (Gorbalenya et al., 1990; Kamer and Argos,
1984; Koonin and Dolja, 1993). Studies of RV replication
have been hampered by the lack of efficient tissue cul-
ture systems and by the very low levels of RV protein
expression in infected cells. It has been shown that NSP
cleavage is essential for virus replication and uncleaved
p200 can synthesize negative-strand RNA, whereas
cleavage products p150 and p90 are both required for
efficient synthesis of positive-strand RNA (Liang and
Gillam, 2001).
Apart from RV protease (Liang et al., 2000), the bio-
chemical and structural properties of methyltransferase,
helicase, and RdRp are poorly understood. Gros and
Wangler (1996) show that a glutathione S-transferase
fusion protein containing the N-terminal region of p90
(residues 1300 to 1600) has an NTPase activity, which is
a characteristic feature of the helicase. Forng and Atreya
(1999) demonstrated that the retinoblastoma protein
binding motif LXCXE present in p90 (residues 1902 to
1906, LPCXE) is a functional motif required for RV repli-
cation. Although these studies strongly suggest the idea
that p90 is the RdRp of RV, there is no experimental
evidence to demonstrate its catalytic activity. Since a
core palm structure containing the four motifs (A–D)
found in all classes of polymerases (O’Reilly and Kao,
1998) is present in the C-terminal region of p90 (Pu-
gachev et al., 1997), it is possible to identify RdRp cata-
lytic activity by testing whether the conserved GDD motif
(at residues 1966 to 1968) of p90 itself is essential for
virus replication. In this study, the functional role of this
motif was investigated by oligonucleotide-directed mu-
tagenesis in a plasmid from which infectious RV RNA
can be produced. Substitution of single alanine residues
into the GDD motif (G1966A, D1967A, D1968A) was car-
ried out by PCR-mediated mutagenesis. We found that
substitution of either aspartic residue by alanine was not
tolerated and was lethal, while alteration of glycine to
T
PCR Primers Used in
Primer Polaritya Nucleotide positionb Ami
JSY18 1 5316–5336
DC2 2 6477–6494
Mutagenic
XJW1 2 5918–5944
XJW2 1 5928–5950
XJW3 2 5915–5841
XJW4 1 5921–5947
XJW5 2 5912–5938
XJW6 1 5918–5943
a Polarity of primers on RV M33 genome: 1, sense; 2, antisense.
b Positions of primers on RV M33 genome.
c Sequences of primers. The mutated nucleotides are underlined.alanine resulted in impaired virus infectivity, which could
be rescued by complementation with wild-type p90 intrans. Passage experiments were carried out to detect
the reversion of the G1966A mutant harvested from BHK
cells transfected with RNA transcripts from the G1966A
mutant. In such a revertant, the substituted alanine res-
idue was found to have altered back to the original
glycine, indicating that the GDD motif is required for
RdRp catalytic activity and that p90 is the RdRp of RV.
RESULTS AND DISCUSSION
Construction of mutants
To examine the function of the conserved GDD motif in
RV replication, a series of mutations was introduced into
p90 by altering in turn each of the three residues (posi-
tions 1966, 1967, and 1968) to alanine. PCR-mediated
mutagenesis was carried out with the appropriate prim-
ers containing the required nucleotide changes (Table 1
and Fig. 1). To construct the G1966A mutation, fusion
PCR (Yao and Gillam, 1999) was used with pBRM33 DNA
as the template and two pairs of primers, JSY18 plus
XJW1 and DC2 plus XJW2 (Table 1 and Fig. 1). The PCR
product containing the G1966A mutation was cut with
FseI and BglII and used to replace the BglII–FseI frag-
ment (nt 5356–6091) of pBRM33. The resulting construct
was named pBRM33/G1966A. The construction of plas-
mids pBRM33/D1967A and pBRM33/D1968A was carried
out in a similar way with the appropriate mutagenic
oligonucleotide primers (Table 1). The introduced muta-
tions were verified by sequencing and restriction analy-
sis. Mutant plasmids were used to produce potentially
infectious viral RNA, whose actual infectivity was exam-
ined.
Replication of mutants
Since p90 is the putative RdRp of RV required for RV
replication, the effect of GDD mutations on the catalytic
neration of Mutants
change Sequencec
59-CGC GGG AGC TCA CCG ACGCT-39
59-TGA GAA CGG TAA GCC CTC-39
6A 59-ATC GTC GGC CTG GAA AAT CCC GGC CCA-39
6A 59-GGG ATT TTC CAG GCC GAC GAT ATG GTC-39
7A 59-CAT ATC GGC GCC CTG GAA AAT CCC GGC-39
7A 59-ATT TTC CAG GGC GCC GAT ATG GTC ATC-39
8A 59-GAC CAT AGC GTC GCC CTG GAA AAT CCC-39
8A 59-TCC CAG GGC GAC GCT ATG GTC ATC TTC-39ABLE 1
the Ge
no acid
G196
G196
D196
D196
D196
D196activity of p90 can be determined by analysis of RNA
synthesis and virus production. The wt (pBRM33) and
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324 WANG AND GILLAMeach of the mutant plasmids (pBRM33/G1966A, pBRM33/
D1967A, and pBRM33/D1968A) were linearized at the
unique HindIII site, and the linearized DNAs were used
as templates for synthesis of RNA transcripts. BHK cells
were transfected with RNA transcripts by electroporation
(Liljestrom and Garoff, 1991). Culture medium of trans-
fected cells was harvested daily and replaced with fresh
medium. The released virus in the harvested medium
was quantitated by plaque assay. The synthesis of RV
structural proteins was determined by pulse and chase
experiments (Qiu et al., 2000). We found that protein
species corresponding to RV E1 (58 kDa), E2 (37 to 45
kDa), and C (33 kDa) were detected intracellularly as well
as in the culture medium for the wt at day 3 posttrans-
fection (Fig. 2, lanes 2, 7, and 12). For the mutants, only
minute amounts of RV structural proteins were detected
in pBRM33/G1966A RNA-transfected BHK cells (Fig. 2,
lane 8). To detect low-level radioactivity of labeled virus
in the culture medium from the mutants, SDS–10% PAGE
was carried out using only 1/6 of the wt sample. Autora-
diographs were exposed for 5 days (Fig. 2C) instead of 1
day (Figs. 2A and 2B). As shown in Fig. 2C, a distinct E1
protein band (indicated by an arrowhead) was observed
in the G1966A mutant, but not in the D1967A and D1968A
FIG. 1. RV genome organization and PCR primers used for mutagenes
a 59-proximal ORF encoding nonstructural proteins that function in vira
C, E2, and E1. RV nonstructural proteins are translated as a p200 poly
p150 and p90. Site-directed mutagenesis was carried out by using fusio
For the pBRM33/G1966A mutant, primers JSY18 plus XJW1 and XJW2 p
XJW4 plus DC2 were used. For the pBRM33/D1968A construct, JSY18 p
containing the desired mutations were replaced into pBRM33 by using
n Table 1. All primers are shown with arrows to indicate their polarities
, “X” motif; P, protease; H, helicase; R, replicase). The scale at the tomutants. No RV-specific structural proteins could be de-
tected in the D1967A and D1968A mutants even after 5
w
idays transfection (data not shown). Virus titer for G1996A
(1.2 3 102 pfu/ml) was significantly lower than that of wt
7.2 3 107 pfu/ml) at day 5 posttransfection.
To examine the synthesis of positive-strand genomic
nd subgenomic RNAs in transfected BHK cells, produc-
ion of viral RNA was determined by RNase protection
ssay (RPA). Total cytoplasmic RNAs were extracted with
RIzol reagent (BRL GIBCO) at various times postinfec-
ion. Approximately 2 mg of total cytoplasmic RNA was
ybridized with 5 3 105 cpm of 35S-labeled RNA probe
(pb18) (Liang et al., 2000) overnight at 55°C and then
ubjected to RNase digestion as described by Liang and
illam (2000). Probe pb18 is a minus-polarity RNA probe
ade by insertion of a DNA fragment (nt 6323–6623)
rom pBRM33 into pSPT18 between the EcoRI and the
baI sites. This probe, synthesized with SP6 RNA poly-
erase from EcoRI-linearized pSPT18-pb, can protect
01 nt of positive-strand genomic RNA and 188 nt of
ubgenomic RNA (Liang and Gillam, 2000). At 0 h post-
lectroporation, the 301-nt protected fragment represent-
ng the input genomic RNA was observed for wt (Fig. 3A,
ane 3), G1966A mutant (Fig. 3B, lane 2), and D1967A and
1968A mutants (data not shown). At 8 h postelectropo-
ation, only a minute amount of protected 301-nt band
amplification. The RV genomic RNA (9762 nt) contains two large ORFs:
eplication and a 39-proximal ORF encoding the viral structural proteins
that undergoes a single cleavage (indicated by a vertical arrow) into
which employed pBRM33 DNA as a template and two pairs of primers.
2 were used. For the pBRM33/D1967A, primers JSY18 plus XJW3 and
5 and XJW6 plus DC2 were employed. The amplified 1.1-kb fragments
d FseI sites indicated above the genome. Primer sequences are given
cations of global amino acid motifs are shown (M, methyltransferase;
diagram is in kilobases.is and
l RNA r
protein
n PCR,
lus DC
lus XJW
BglII anas observed (Figs. 3A, lane 4, and 3B, lane 3), indicat-
ng that the input genomic RNA had mostly been de-
w
D
t
D
t
325THE GDD MOTIF OF RUBELLA VIRUS REPLICASEgraded at that time. At day 5 postelectroporation, apart
from the wt (Fig. 3A, lane 5), no protected 301- and 188-nt
fragments could be detected in the BHK cells transfected
with mutant RNA transcripts (Fig. 3B, lane 4, and data not
shown). Considering that the sensitivity of the RPA is 107
molecules of viral RNA (Liang and Gillam, 2000), we
FIG. 2. Synthesis of RV structural proteins in BHK cells transfected
ith full-length RNA transcripts containing G1966A, D1967A, and
1968A mutations. BHK cells (in 35-mm-diameter petri dishes) were
ransfected with 2 mg of RNA transcript from wt, G1966A, D1967A, or
1968A constructs by electroporation. At 3 days posttransfection, the
ransfected cells were pulse-labeled with [35S]methionine (400 mCi/ml)
for 3 h and then chased with unlabeled methionine (1 mM) for 16 h. The
cell lysates and the corresponding chase media were immunoprecipi-
tated with human anti-RV serum and analyzed by SDS–10% PAGE as
described previously (Yao and Gillam, 1999). Equal amounts of the total
immunoprecipitated proteins were loaded into each lane of the gel
from chased medium (A) or cellular lysates (B), and the autoradiograph
was exposed for 1 day. To detect low levels of protein synthesis in the
mutants, a SDS–10% PAGE was carried out using only 1/6 of the wt
sample and the autoradiograph was exposed for 5 days (C). The
positions of apparent molecular mass markers are shown at the right
(in kilodaltons). The positions of migration of RV structural proteins E1,
E2, and C are shown on the left.
FIG. 3. RNA analysis of wt and mutant. BHK cells were transfected w
(A, lanes 3 to 5) or G1966A (B, lanes 2 to 4) by electroporation. At indicate
to RPA using 35S-labeled probe pb18, which was loaded in lane 1. BHK
Vero cells were infected with wt (A, lanes 6–10) and G1966A (B, lanes 5–9) viru
by RPA.cannot rule out the possibility of a low level of RNA
synthesis in the mutants below this limit of detection.
Effect of mutation on virus passage
To determine if virus replication in D1967A and
D1968A mutants was simply low or if these mutations are
lethal, a passage experiment was carried out. Vero cells
were infected with wt or G1966A mutant virus harvested
at day 5 posttransfection (5 day G1966A virus) at a
multiplicity of infection (m.o.i.) of 0.01 pfu/ml or with
harvested culture media from D1967A and D1968A mu-
tants 5 days after electroporation. We did not use a high
m.o.i. because only a small amount of G1966A virus was
produced in BHK cells transfected with G1966A RNA.
Also in RV infection, only a small percentage of cells is
initially infectable by RV, and synchronous infection can-
not be achieved even with a high m.o.i. (Hemphill et al.,
1988). After infection, culture medium was harvested
daily and replaced with fresh medium. The released
virus in the harvested medium was determined by
plaque assay. As shown in Table 2, the titers of G1966A
virus were comparable with those of the wt on all 5 days
postinfection. No virus plaques were observed with ei-
ther D1967A or D1968A mutant. The similar virus titers
obtained in Vero cells infected with G1966A mutant or wt
virus suggest that revertants may have arisen from
G1966A mutant virus.
To further confirm virus replication in G1966A mutant,
RNA synthesis was examined by RNase protection as-
say. At days 3 to 5 postinfection, the presence of both
protected 301- and 188-nt fragments was apparent in
both the wt and the G1966A mutant (Figs. 3A, lanes 8 to
10, and 3B, lanes 7 to 9). No protected 301- and 188-nt
fragments were detected in D1967A and D1968A mu-
tants (data not shown). Thus our data indicate that
D1967A and D1968A mutations are lethal to viral RNA
synthesis, and the GDD motif is critical for RV replication.
s synthesized in vitro from a cDNA clone containing the wt sequence
s posttransfection, total cytoplasmic RNAs were isolated and subjected
electroporated in the absence of RNA served as a control (A, lane 2).ith RNA
d time
cellss harvested at day 5 posttransfection. RNA synthesis was determined
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326 WANG AND GILLAMAnalysis of G1966A revertant
To investigate the nature of G1966A reversion, Vero
cells were infected with wt or G1966A virus harvested at
day 5 postinfection at a multiplicity of 0.1 pfu/cell. Virus
replication was monitored by pulse–chase experiments.
At day 2 postinfection, low levels of released virus were
detected in both the wt and the G1966A mutant, whereas
at days 4 and 5 postinfection, similar high levels of
viruses were released into the medium, for both G1966A
and wt viruses (data not shown). Again, no virus replica-
tion was detected in Vero cells infected with undiluted
culture medium of D1967A or D1968A mutant (data not
shown). To isolate sufficient viable revertants from
G1966A virus for sequence analysis, culture medium
harvested at day 5 postinfection was inoculated into a
fresh monolayer of Vero cells and incubated for 3 days.
After one more passage, RNA was isolated from virus
particles and used for cDNA synthesis and subsequent
PCR amplification. The sequence covering the region of
the GDD motif was determined in three isolated cDNA
clones. In all three sequenced cDNA clones, the origi-
nally substituted alanine (G1966A) had reverted to a
glycine residue. At present we cannot rule out the pos-
sibility of other second-site mutations in G1966A rever-
tants. It appears that the G1966A mutant may be quasi-
infectious as reported for poliovirus mutants (Gmyl et al.,
1993) in that only revertant genomes can be recovered.
Rescue of GDD mutants by complementation
Genetic complementation of defective mutants in viral
RNA replication has been used to define cis- versus
TABLE 2
Virus Titers of the wt and Mutants
Day postinfection
Virus titer (pfu/ml)
wt G1966A D1967A D1968A
1 2.6 3 103 2.4 3 103 0 0
2 8.6 3 104 9.2 3 104 0 0
3 6.4 3 106 9.2 3 106 0 0
4 7.2 3 107 6.4 3 107 0 0
5 8.0 3 107 6.8 3 107 0 0
Note. Vero cells were infected with wt or G1966A virus stock har-
vested from transfected BHK cells at day 5 posttransfection at a m.o.i.
of 0.01 pfu/ml. After infection, culture medium was harvested daily and
replaced with fresh medium. The released virus in the harvested
medium was determined by plaque assay. Vero cells were infected with
virus stocks at a serial dilution for 2 h at 37°C. Infected Vero cells were
overlaid with 0.5% agarose in Eagle’s minimum essential medium
(MEM) containing 5% fetal calf serum (FCS), incubated at 35°C for 6
days, and stained with 5% neutral red diluted in MEM containing 5%
FCS.trans-acting functions of viral NSPs. In most cases, the
NSPs can be provided in trans in complementation ex-
l
Ceriments, in which a defective RNA lacking a functional
SP component can be complemented by a helper RNA
xpressing the active component in trans. To test
hether the GDD mutations in p90 that impaired viral
eplication can be rescued by RV NSP provided in trans,
omplementation experiments were carried out. p200
nd p90 helper RNA genomes encoding p200 and p90,
espectively, were constructed (Fig. 4). Coreplication of
V replication-defective mutant containing a mutation in
he GDD motif in the presence of helper genome was
nalyzed. RNA transcripts coding for full-length wt RV
nd mutants (G1966A, D1967A, and D1968A) as well as
elper genomes (p200 and p90) were synthesized in
itro. BHK cells were transfected with RNA transcripts
ndividually or in various combinations by electropora-
ion. Total cellular RNAs were isolated at 0, 8, 24, or 48 h
ostelectroporation and subjected to RPA. As shown in
ig. 5, a large amount of the 301-nt protected fragment
epresenting the delivered RNA genome was seen at 0 h
ostelectroporation (Fig. 5, lanes 2, 6, and 11). At 8 h
ostelectroporation, the intensity of the 301-nt band was
reatly reduced, indicating that the input genomic RNA
ad mostly degraded at this time (Fig. 5, lanes 3, 7, and
2). At 48 h postelectroporation, accumulation of both
rotected 301- and 188-nt fragments was observed in the
t and the G1966A mutant coreplicated in the presence
f helper genome (p200 or p90) (Fig. 5, lanes 5, 9, and
4). No protected 301- or 188-nt fragment was detected in
1967A and D1968A mutants coelectroporated with the
elper genomes (data not shown). The smaller protected
ragment (148 nt) observed in the G1966A mutant in the
resence of p200 helper genome (nt 1 to 6470) was due
o the 39-end sequence of p200 that overlapped with the
b18 (nt 6323 to 6623). Our data showed that p200 or p90
ould provide the functional RdRp in trans to rescue
1966A mutant, but not D1967A and D1968A mutants.
his interpretation was further supported by our pulse–
hase experiments of cotransfected BHK cells, in which
he synthesis of RV structural proteins of G1966A mutant
as increased significantly to 40–50% of the wt (data not
hown).
Quantitation of the protected RNA bands between the
t and the rescued G1966A mutant indicates that the
omplementation efficiency is about 30 to 40%, compa-
able with the complementation efficiency obtained in
escuing the replication-defective mutant containing a
efective protease catalytic site (Fig. 6). In this experi-
ent, the replication of a protease-inactive mutant car-
ying a C to S mutation at its C1152 residue (C1152S)
Liang and Gillam, 2000) was rescued by providing the
unctional protease (p200 or p150) in trans (Fig. 6). After
4 h postelectroporation, no protected genomic (301-nt)
r subgenomic (188-nt) RNAs were observed in BHK
ells transfected with C1152S, p200, or p90 alone (Fig. 6,anes 9, 10, 21, 22, 25, and 26), but were detected in
1152S mutant coelectroporated with either p200 or
m
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327THE GDD MOTIF OF RUBELLA VIRUS REPLICASEp150 (Fig. 6, lanes 13, 14, 17, and 18). Taken together, our
data provide evidence that the catalytic activity of RV
protease and RdRp can be complemented in trans at low
efficiency.
Recombination among RNA viruses is a well-recog-
FIG. 4. Schematic diagrams of constructed helper genomes and in-fr
utants were constructed in pBRM33 (Yao and Gillam, 1999). The con
nder Materials and Methods. The scale at the top of the diagram is i
onstruct. The bent line in the genome constructs represents the l
epresenting the genome. The restriction sites used in the constructio
FIG. 5. The effect of helper genome on G1966A mutant replication.
he full-length G1966A mutant RNA, the RV (p200) RNA encoding p150
nd p90, and the RV (p90) RNA encoding p90 were electroporated into
HK cells together with either p90 RNA (lanes 6 to 10) or p200 RNA
lanes 11 to 15). The full-length wt RV RNA (lanes 2 to 5) serves as a
ositive control. At indicated times postelectroporation, total RNA was
repared and subjected to RPA. Accumulated RNAs were detected with
b18. Positions of the protected bands are indicated.nized biological process (Bujarski and Dzianott, 1991;
Lai, 1992; King et al., 1982). To rule out the possibility that
recombination may have occurred between the helper
and the G1966A mutant genomes within the cotrans-
fected cells in the complementation experiments, we
created replication-defective constructs with in-frame
deletion within the helicase or protease region in NSP
and used these templates in rescue experiments by
providing p200, p150, or p90 in trans. As expected, none
of these replication-defective constructs could be res-
cued by helper genomes (data not shown). We have
demonstrated by complementation experiments that RV
negative-strand RNA is generated preferentially in cis by
p200, while positive-strand RNAs (genomic and sub-
genomic RNAs) are produced both in cis and in trans, but
with high efficiency in cis by p150/p90 complex (Liang
and Gillam, 2001). The failure in rescuing in-frame dele-
tion mutants in complementation experiments is due to
the cis action of p200 in synthesizing negative-strand
RNA. This is consistent with our previous finding in that
replication-defective constructs with frame-shift addition
or deletion in RV NSP ORF failed to produce negative-
plication-defective mutants. Helper genomes and replication-defective
on of helper genomes and replication-defective mutants is described
ases. The location of probe p18 used in RPA is shown in the pBRM33
s of deletions with nucleotide numbers shown above the diagram
, BglII; E, EcoRV; H, HpaI; K, KpnI; N, NcoI; X, XbaI.ame re
structi
n kilobstrand RNA and could not be rescued by NSP provided in
trans (Liang and Gillam, 2001). Therefore it is very un-
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328 WANG AND GILLAMlikely that the rescue of the G1966A mutant is a result of
the generation of recombinant genomes between the
helper and the mutant genome. It is likely that the failure
to rescue D1967A and D1968A mutants by p200 or p90
provided in trans is due to ineffective synthesis of neg-
ative-strand RNA in cis by p200/D1967A and p200/
D1968A. In the absence of negative-strand RNA, the
nonreplicative D1967A and D1968A RNA templates could
not be rescued by p200 or p90 helper genome. By con-
trast, G1966A RNA is a quasi-infectious RNA species
(Gmyl et al., 1993) that can serve as translational tem-
plate, though inefficiently. p200 from G1966A mutant syn-
thesizes negative-strand RNA at low levels and thus was
rescued by wild-type p200 or p90 provided in trans.
RV replicates slowly with the latent period lasting more
than 12 h. Viral RNA synthesis is not detectable until at
least 10 h postinfection and the peak rate of synthesis
occurs as late as 56 h postinfection (Hemphill et al.,
1988). In our complementation experiments, we detected
the accumulated genomic and subgenomic RNAs at 2
days postelectroporation (Fig. 5), whereas in the ab-
sence of helper genomes we did not detect any accu-
mulated positive-strand RNA even at 5 days postelectro-
poration (Fig. 3). Therefore, the rescue of G1966A mutant
by wild-type p90 could not be due to the generation of
recombinant genomes. In addition, the only major DI
RNA of RV identified was found to contain a NSP ORF
with a single large deletion in the structural protein
region (Derdeyn and Frey, 1995). RV RNA recombination
has been detected only after multiple passages at high
m.o.i. and homologous recombination occurred mostly in
SP ORF (Pugachev et al., 2000).
All positive-strand RNA viruses encode an RdRp that
acts as the catalytic subunit in the replication of the viral
genome. Despite an obvious lack of sequence identity
FIG. 6. Rescue of protease-inactive mutant by cotransfection of he
full-length protease-inactive mutant (C1152S) together with helper g
Electroporation of BHK cells with wt RV RNA (pBRM33) (lanes 3 to 6),
23 to 26) alone was used as a positive and negative control. Total cyt
Lane 1, 2 3 103 cpm of pb18; lane 2, BHK cells were electroporated inamong RdRps of all positive-strand RNA viruses, RdRps
share a similar overall structure with other classes of
c
Dpolymerase (O’Reilly and Kao, 1998). Motif C contains a
b-strand, turn, b-strand structure, in which the two as-
partic acid residues of the highly conserved GDD motif
are located in the turn region. p90 of RV contains the
GDD motif as well as several additional regions of se-
quence homology with other polymerases (Pugachev et
al., 1997). In the present study, we carried out mutational
analysis of this GDD sequence motif to demonstrate that
p90 possesses RdRp catalytic activity. We found that
changing the glycine residue to alanine (G1966A) essen-
tially blocked virus replication. The sharp increase in
virus titer of reverted G1966A virus indicated that al-
though the G1966A mutation is tolerated, the glycine
residue is critical for RV RdRp catalytic activity.
Substitution of either aspartate residue was not toler-
ated and was lethal. It is interesting that in poliovirus and
hepatitis C virus, the requirement for the glycine residue
of the GDD motif is flexible. Substitution of the glycine
with alanine in RdRp of both was tolerated, giving virus
levels ranging from 5 to 12% of wt (Hong and Hunt, 1996;
Jablonski et al., 1991). Alteration of the second aspartate
of the GDD motif, which is not absolutely conserved in all
classes of polymerase, was not tolerated in poliovirus
(Jablonski and Morrow, 1995), similar to our finding with
RV RdRp.
For a number of positive-strand RNA viruses, RNA
replication requires the translation of part or all of the
NSP coding region in cis. The NSPs of alphaviruses
unction efficiently in trans and complementation groups
, B, G, and F have been assigned to different NSPs
Hahn et al., 1989a, b). However, Sindbis virus DI parti-
les containing repeated and rearranged genomic se-
uences in the middle of the genome are not translatable
nd could not be rescued (Strauss and Strauss, 1994). In
ur present study, the replication of G1966A mutant was
enome. BHK cells were coelectroporated with RNA transcripts from
p200 (lanes 11 to 14) or helper genome p150 (lanes 15 to 18).
RNA (lanes 7 to 10), p200 RNA (lanes 19 to 22), or p150 RNA (lanes
ic RNAs were extracted and subjected to RPA at the indicated times.
sence of RNA.lper g
enome
C1152Somplemented by providing p200 or p90 in trans, but
1967A and D1968A mutants were not rescued in this
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329THE GDD MOTIF OF RUBELLA VIRUS REPLICASEway. We have shown previously that p200 is the principal
replicase for synthesizing negative-strand RNA in cis, as
s p150/p90 for positive-strand RNA (Liang and Gillam,
001). Failure to rescue D1967A and D1968A mutants
as not due to the low cotransfection efficiency of two
NA molecules that coexist in a high proportion of trans-
ected cells, as we were able to rescue G1966A (Fig. 5)
nd C1152S (Fig. 6) mutants. It is likely that D1967A and
1968A mutations are lethal to RV replication, because
V negative-strand RNA can be synthesized only in cis,
and D1967A and D1968A RNA templates cannot serve as
translational templates in RNA synthesis in the presence
of helper genome.
p90 of RV is a multifunctional protein that has several
essential functions in RNA synthesis. Its N-terminus con-
tains sequence motifs characteristic of the helicase su-
perfamily I as well as the conserved motifs of superfam-
ily III RNA polymerase at its C-terminal region (Pugachev
et al., 1997). A segment of RV nonstructural protein (res-
dues 1300 to 1600) containing the helicase-like domain,
hen expressed as part of a fusion protein in Esche-
richia coli, was shown to have RNA-stimulated NTPase
ctivity (Gros and Wangler, 1996). It would be of interest
o determine whether the N-terminal region containing
he helicase domain is required for RV RdRp catalytic
ctivity. It is not known whether p90 is functionally oli-
omerized. Further biochemical study and investigation
f two-hybrid systems may provide insight into the struc-
ure and function of RV RdRp.
MATERIALS AND METHODS
Cells and viruses
Vero cells were cultured in Eagle’s minimum essential
medium (MEM; GIBCO BRL) supplemented with 5% fetal
calf serum (FCS). BHK-21 cells were grown in MEM
containing 10% FCS and 10% tryptose phosphate broth.
RV (M33 strain) was propagated in Vero cells.
Plasmid construction
Standard recombinant DNA techniques were used to
generate all the constructs. The full-length infectious
cDNA clone, pBRM33 (Yao and Gillam, 1999), based on
RV M33 strain, was used in the cloning.
Construction of GDD mutants. A series of mutations
was introduced into p90 GDD motifs by making single
mutations at residue 1966, 1967, or 1968. The synthetic
deoxyribonucleotides used in the mutagenesis are
shown in Table 1. HindIII-linearized pBRM33 plasmid
was used as the template in mutagenesis. To construct
three mutants, fusion PCR was employed (Yao and Gil-
lam, 1999). For mutant G1966A, a pair of primers, JSY18
plus XJW1, was used to amplify approximately 0.6 kb from
nt 5919 to 5946, and the downstream 0.4-kb fragment
from nt 6491 to 6951 was obtained by a second PCR witha pair of primers, XJW2 and DC2. The 1.1-kb fragment
containing the desired G 3 A mutation was generated
by the fusion PCR with 0.6- and 0.4-kb fragments as
templates and JSY18 and DC2 as the pair of primers. To
construct D1967A mutation, two pairs of primers, JSY18
plus XJW3 and DC2 plus XJW4, were used. The other two
pairs of primers, JSY18 plus XJW5 and DC2 plus XJW6,
were used for the construction of the D1968A muta-
tion. The PCR products were purified using the QIA-
quick PCR Purification Kit (Qiagen). Purified products
were cut with FseI and BglII. The major fragment was
used to replace the BglII/FseI fragment of the infec-
tious clone pBRM33 to form the mutant clones
pBRM33G1966A, pBRM33D1967A, and pBRM33D1968A.
All PCRs were carried out in 25 cycles of 98°C for 30 s,
55°C for 45 s, and 72°C for 90 s using native Pfu DNA
polymerase (Stratagene) added to the reaction mixture
after initial denaturation (100°C, 2 min). After 25 cycles,
products were extended at 72°C for another 6 min.
Construction of helper genomes. p200 helper RNA
genome was constructed by deletion of the KpnI frag-
ment (nt 6470–9309) in pBRM33 followed by religation.
p90 helper RNA genome was generated by deleting the
NcoI fragment (nt 39 to 4023) in the p200 construct
followed by religation.
The in-frame deletion construct of pBMR33D (nt 4213–
4960), which contained a 747-bp deletion in the helicase
domain, was constructed by digestion of pBRM33 with
XbaI (nt 4960), filled in using Klenow fragment of DNA
polymerase, and then cut with EcoRV (nt 4213) followed
by religation. The other in-frame deletion construct,
pBRM33D (nt 2551–4231), which has the X-domain and
protease regions deleted, was made by deleting the
fragment from nt 2551 to 4231 in pBRM33 using HpaI (nt
2551) and EcoRV (nt 4231) followed by religation.
In vitro RNA transcription
Recombinant plasmids were linearized at the HindIII
site and RNA transcripts were synthesized with SP6 RNA
polymerase (Promega) in the presence of m7Gpp(59)G
ap analog (Promega) in the reaction mixture [40 mM
ris–HCl (pH 7.9), 6 mM MgCl2, 10 mM DTT, 10 mM NaCl,
2 mM spermidine, 0.05% Tween 20, 0.05 mM NTP, 1 mM
cap, and 1 U RNasin (ribonuclease inhibitor, Promega)]
at 37°C for 1 h.
RNA transfection
BHK cells were transfected by electroporation as de-
scribed previously (Yao and Gillam, 1999). Briefly, BHK
cells were trypsinized and washed with cold phosphate-
buffered saline (without Ca21 and Mg21) twice and re-
suspended at a concentration of 107 cells/ml. RNA tran-
scripts (10–20 mg) were mixed with 0.45 ml of cells, and
the mixture was transferred to a 2-mm-diameter cuvette.
Electroporation was done with two consecutive 1.5-kV,
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330 WANG AND GILLAM25-mF pulses (Bio-Rad). After electroporation, the cells
ere distributed into four culture dishes (35 mm).
laque assay
For one-step growth rate analysis, the culture medium
as harvested and replaced with fresh medium every
4 h until indicated times. Vero cells were infected with
he released viruses at serial dilutions for 2 h at 37°C.
he monolayers were overlaid with 0.5% agarose in
EM–5% FCS and stained with 5% neutral red in MEM
fter incubation for 6 days at 35°C.
Nase protection assay
For the RPA experiment, a minus-polarity RNA probe
pb18) (Liang and Gillam, 2000) was used. pb18 was
ynthesized with SP6 RNA polymerase from EcoRI-di-
ested plasmid pSPT18-pb and can protect a 301-nt
ositive-strand genomic RNA and 188-nt subgenomic
NA. The 35S-labeled pb18 probe was synthesized with
P6 polymerase in a 20 ml in vitro transcription buffer (2
mM spermidine, 10 mM DTT, 6 mM MgCl2, 40 mM Tris–
Cl, 0.05% Tween 20), 0.5 mM each ATP, GTP, and UTP,
0 mM CTP, 2.5 mCi/ml CTPaS[35S]. DNase I (7500 u/ml)
was added and incubated for 15 min at 37°C. The probe
was precipitated with ethanol after phenol/chloroform
extraction and resuspended in hybridization buffer.
For positive-strand RNA assay, approximately 2 mg of
total cytoplasmic RNA was hybridized with 5 3 105 cpm
of pb18 probe (Liang and Gillam, 2000) in 30 ml of hy-
bridization buffer [40 mM PIPES (pH 6.4), 1 mM EDTA,
400 mM NaCl, 80% deionized formamide] overnight at
55°C. RNase digestion was for 45 min at 30°C in an
RNase mixture [RNase A at 10 mg/ml, RNase T1 at 70
u/ml, 300 mM sodium acetate, 10 mM Tris–HCl (pH 7.5)].
The samples were treated with SDS–protease K for 25
min at 37°C, extracted with phenol–chloroform, and eth-
anol precipitated with 5 mg of E. coli tRNA at 270°C.
Samples were denatured in boiling water and analyzed
on a 5% polyacrylamide–7 M urea sequencing gel. The
gel was fixed in 10% acetic acid and infiltrated with
Enhancer (DuPont), dried, and exposed to X-ray film
overnight at 270°C.
Characterization of G1966A revertants
Monolayers of Vero cells grown in 150-mm-diameter
dishes were infected with RV M33 and mutant virus
G1966A. At day 3 postinfection, the culture medium was
harvested and virions were precipitated by using poly-
ethylene glycol (PEG) solution (40% PEG, 2.5 M NaCl).
The pelleted virions were resuspended in 1 ml of TNE
buffer [10 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 mM
EDTA]. Virion RNA was extracted with TRIzol and used
for first-strand cDNA synthesis as described previously
(Qiu et al., 2000). The synthesized first-strand cDNA was
used as the template for the PCR reaction.A pair of primers, XJW7 and JSY18, was used in the
reaction for the synthesis of cDNA covering the NSP ORF
nt 5310–6022. The purified PCR fragment was blunt-
ended with Klenow fragment of DNA polymerase, cut
with BglII, and then inserted into M13 vector at BamHI
and EcoRI (blunt-ended similarly) sites. After transforma-
tion into E. coli DH5aF9, recombinant plasmids were
dentified by blue/white plaque selection and restriction
nzyme mapping. Three individual clones were se-
uenced.
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